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ABSTRACT In order to clone the D1 dopamine receptor
linked to adenylyl cyclase activation, the polymerase chain
reaction was used with highly degenerate primers to selectively
amplify a cDNA sequence from NS20Y neuroblastoma cell
mRNA. This amplification produced a cDNA fragment exhib-
iting considerable sequence homology to guanine nucleotide-
binding (G)-protein-coupled receptors that have been cloned
previously. To characterize this cDNA further, a full-length
clone was isolated from a rat striatal library by using the cDNA
fragment as a probe. Sequence analysis of this cDNA clone
indicated that it is indeed a member of the G-protein-coupled
receptor family and exhibits greatest homology with the pre-
viously cloned catecholamine receptors. Northern blot analysis
of various neural tissues revealed a transcript of -'4 kb that was
predominantly located in the striatum with lesser amounts in
the cortex and retina. In contrast, nomRNA was detected in the
cerebellum, hippocampus, olfactory bulb, mesencephalon, or
pituitary. In situ hybridization analysis also revealed a high
abundance ofmRNA in the striatum as well as in the olfactory
tubercle. To establish the identity of this cDNA, we performed
transient expression experiments in COS-7 cells. [3H]SCH-
23390, a Dl-selective radioligand, exhibited specific, saturable
binding only in cells that were transfected with this cDNA.
Competition binding analysis with a variety of dopaminergic
ligands demonstrated a D1 dopaminergic pharmacology. In
addition, dopamine as well as other Dl-selective agonists stim-
ulated cAMP accumulation in transfected COS-7 cells. We
conclude that we have cloned a cDNA encoding the D1 dopa-
mine receptor linked to the activation of adenylyl cyclase
activity.

Dopamine receptors belong to a large superfamily of recep-
tors that are linked to their signal-transduction pathways via
guanine nucleotide-binding regulatory (G) proteins. Pharma-
cological, biochemical, and physiological criteria have been
used to describe two subcategories of dopamine receptors
referred to as D1 and D2 (1). D1 receptors have been classi-
cally defined as being linked to the stimulation of adenylyl
cyclase activity (2, 3). In contrast, activation of D2 receptors
results in various responses (4), including inhibition of ade-
nylyl cyclase activity, inhibition of phosphatidylinositol turn-
over, increase in K+ channel activity, and inhibition of Ca2+
mobilization. The molecular characterization ofD2 dopamine
receptors has been facilitated by the cloning of a cDNA
encodin.g a rat D2 receptor (5). More recently, this receptor
has been shown to exist as two protein isoforms that are
derived from a single gene yet produced by alternative RNA
splicing (6-11). This splice variation occurs in a region of the
receptor that may be involved in G-protein coupling, sug-

gesting that these receptor isoforms may activate different
signal-transduction pathways.
Evidence has also accumulated suggesting heterogeneity in

the D1 category of dopamine receptors. D1 receptors have
recently been described in renal tissue that stimulate phos-
pholipase C activity independently from that of adenylyl
cyclase (12-14). We have shown, using Xenopus oocyte
expression experiments, that rat striatal mRNA encodes D1
receptors that are coupled to phospholipase C and Ca2+
mobilization in a cAMP-independent fashion (15). These data
suggest that there may be multiple D1 receptors linked to
different signal-transduction pathways or that a single, mul-
tifunctional D1 receptor exists. To investigate these possibil-
ities and to characterize the D1 receptor(s) on a molecular
level, we have attempted to clone the D1 receptor subtype
expressed in mouse NS20Y neuroblastoma cells, which is
coupled to the stimulation of cAMP generation (16).§

METHODS

Polymerase Chain Reaction (PCR). Poly(A)+ RNA was
prepared from NS20Y cells exactly as described (15). First-
strand cDNA synthesis was performed using this RNA tem-
plate in the presence of avian myeloblastosis virus reverse
transcriptase (Promega) and 1 ,g of oligo(dT) primer. This
cDNA was then submitted to 30 cycles of PCR amplification
in a total volume of 100 ,ul with 1 ,uM each of the oligodeox-
ynucleotide primers 5'-GTCGACCCTGTGC(or T)GC(or
T)C(or G)ATCAG(or C)CATG(or T)GAT(or C)C(or A)GC(or
G)TA-3' and 3'-AAGT(or C)G(or A)G(or C)G(or T)AGAC-
GACCG(or A)AC(or G)GGGAAGAAGT(or A)ATTCGAA-5'
in the presence of Thermus aquaticus (Taq) DNA polymerase
(Perkin-Elmer/Cetus). The timing used was 1.5 min at 93°C,
2 min at 55°C, and 4 min at 72°C followed by a 7-min extension
at 72°C. Individual bands were isolated by gel electrophoresis
and subcloned into pGEM-9Zf(-) (Promega). Miniprepara-
tions of plasmid DNA were prepared for insert sequencing as
described below.
cDNA Library Screening and DNA Sequencing. A rat stri-

atal cDNA library constructed in the A ZAP II vector
(Stratagene) was screened (6) with a PCR fragment that was
32P-labeled by nick-translation. High-stringency washing of
the filters was performed with 0.15 M NaCl/0.015 sodium
citrate, pH 7/0.1% SDS at 65°C prior to autoradiography. A
phage found to hybridize to the probe were subsequently
plaque-purified. In vivo excision and rescue of the nested
pBluescript plasmids from the A ZAP II clones were per-
formed according to the Stratagene protocol. Nucleotide

Abbreviations: G protein, guanine nucleotide-binding protein; PCR,
polymerase chain reaction.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M35077).
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-292 CCGAAGATTCAGAGCCGCACATCCCCCTTATCGATGACACTGATGC

1 ATG GCC TTC TTG TCT CCG CAC TTC AAC AGA AGA CAC ACT TGT ACG AAT GTA CAT TTA TTT GTC TGG CTA AGC CTG GTC AAC AMq TTG AGG GCC
Met Ala Pie Leu Ser Pro Asp Pie Asn Arg Arg His Thr Cys Thr Asn Val Asp Leo Phe Val Trp Loeo Ser Leu Val Lye Asn Leu Arg Gly 31

94 AAG TCC CCG CMA CTG TGT TCC TTC TGG MCG ATG CCT CCT MRC ACT TCT ACC ATC CAT CAG CCC CCC CTC CCA CCC GAG ACC CAT TTC TCC PTT
Lys Ser Pro Glu Val Cys Ser Phe Trp Lye Met Ala Pro Asn Thr Ser Thr Met Asp Glu Ala Gly Leo Pro Ala Glu Arg Asp Phe Ser Pbs 62

187 CCC ATC CTC ACG CCC TGT TTC CTG TCA CTC CTC ATC CTG TCC ACT CTC CTG GGC MRT ACC CTT CTC TGT CCG CCC GTC ATC CCC TTT CCA CAC
Arg Ile Leo Thr Ala Cys Phe Leo Ser Leu Leu Ile Leu Ser Tir Leu Leo Cly Aen Thr Leo Val Cys Ala Ala Val Ile Arg Phe Arg His 93

280 CTC ACC TCC MCG CTC ACC MAC TTC TTT CTC ATC TCT TTA CCT CTC TCA CAT CTC TTC CTC CCT CTC CTC CTC ATC CCC TCC MAA CCT CTC GCCC
Leu Arg Ser Lye Val Tir Asn Phe Phe Val Ile Ser Leo Ala Val Ser Asp Leo Leo Val Ala Val Leu Val Met Pro Top Lye Ala Val Ala 124

373 CAC ATT CCT CCC TTT TCC CCT TTC CCT CCC TTT TCT MAC ATC TCC CTA CCC TTT CP.C ATC ATC TCC TCT ACC CCC TCC ATT CTC MAC CTC TIC
lu Ilie Ala Cly Pie Trp Pro Leo Cly Pro Phe Cys Aso Ilie Trp Val Ala Phe Asp Ile Met Cys Ser Thr Ala Ser Ilie Leo Asn Leo Cys 155

466 CTC ATC ACC CTC CAC ACC TAC TCC CCT ATC TCC ACC CCT TTC CAC TAT CAC ACC MCG ATC ACC CCC AAA CCA CCC TTC ATC CTC ATT ACC CTA
Val Ilie Ser Val Asp Arg Tyr Trp Ala Ilie Oar Oar Pro Phe Gin Tyr Gbu Arg Lye Met Tir Pro Lye Ala Ala Pie Ilie Leo Ilie Oer Val 186

519 CCA TCC ACT CTC TCT CTC CTT ATA TCC TTC ATC CCA CTA CAC CTA ACC TCC CAC MCG CCA AAC CCC ACA TGG CCC TTC CAT CCC MAT TTT ACC
Ala Trp Tir Leo Oar Val Leu Ilie Oar Pie Ilie Pro Val Cmn Leo Oar Trp His Lye Ala Lye Pro Tir Tip Pro Leo Asp Cly Asn Pie Tir 217

652 TCC CTC CAC CAC ACC CAC CAT CAC MAC TCT CAC ACA ACC TTC ACC ACC ACC TAT CCC ATT TCA TCC TCC CTC ATC ACC TTT TAC ATC CCC CTA
ler Leo Clu Asp Tir Ciu Asp Asp Asn Cys Asp Tir Arg Leo Ser Arg Tir Tyr Ala Ilie Oar Oar Ser Leo Ilie Oar Pie Tyr Ilie Pro Val 248

745 CCC ATT ATC ATC CTC ACC TAC ACC ACT ATC TAC ACC ATT CCC CAC MCG CPA ATC CCC CCC ATC TCA CCC TTC CAC ACC GCA CCA CTC CAT GCCC
Ala Ilie Met Ilie Val Tir Tyr Tir Ser Ilie Tyr Arg Ilie Ala 110 Lye Ci Ilie Arg Arg Ilie Sar Ala Leo Clu Arg Ala Ala Val His Ala 279

838 MCG MT TCC CAC ACC ACC CCA CCT MAC CCC MC CCC CTC CMA TCC CCC CAC TCT CMA ACT TCC TTT MCG ATC TCC TTC MCG ACC CAC ACC MAA
Lye Asn Cys Cln Tir Tir Ala Cly Asn Cly Aso Pro Val Clu Cys Ala Cin Ser Gbu Ser Oar Pie Lye Met Ser Pie Lye Arg Glu Tir Lye 310

931 CTT CTA MCG ACC CTC TCT CTC ATC ATC CCC CTC TTT CTC TCC TCC TCC CTC CCT TTC TTC ATC TCC MAC TGT ATC CTC CCC TTC TCT CCC TCT
Val Leo Lye Tir Leo Ser Val Ilie Met Cly Val Pie Val Cys Cys Trp Leo Pro Pie Pie Ilie Ser Asn Cys Met Val Pro Pie Cys Cly Ser 341

1524 CAC CAG.ACC CAC CCA TTC TCC ATC CAT TCC ATC ACC TTC CAT CTC TTT CTC TCC TTT CCC TCC CCC MAT TCT TCC CTC MAC CCC ATT ATT TAT
Glu Clu Thr Cin Pro Pie Cys Ilie Asp Ser Ilie Tir Pie Asp Val Pie Val Trp Pie Cly Trp Ala Asn Ser Oar Leo Asn Pro Ilie Ilie Tyr 372

1117 CCT TTT MAT CCT CAC TTC CAC MCG CCC TTC TCA ACC CTC TTA CCA TCC TAC ACA CTC TCC CCT ACT ACC MAT MAT CCC ATA CAC ACC CTC ACC
Ala Pie Asn Ala Asp Pie Cin Lye Ala Pie Ser Tir Leo Leo Cly Cys Tyr Arg Leo Cys Pro Tir Tir Asn Asn Ala Ilie Clo Tir Val Oar 403

1210 ATT MAC MAC MT CCC CCT CTC CTC TTT TCC ACC CAC CAT CAC CCC CCA CCC TCC ATC TCC AAG CAC TGT MAT CTC CTT TAC CTC ATC CCT CAT
Ilie Asn Asn Asn Cly Ala Val Val Pie Ser Oar His His Glb Pro Arg Cly ar Ilie Oar Lye Asp Cys Aso Leo Val Tyr Leo Ilie Pro His 434

1313 CCC CTC CCC TCC TCT CAC CAC CTC MCG MCG CM CAC CCT CCT CCA ATA CCT MCG CCA CTC CAC MCG CTC TCC CCA CCC TTA TCC CTC ATA TTC
Ala Val Cly Oar Oar Clo Asp Leo Lye Lye Clo Gbu Ala Cly Cly Ilie Ala Lye Pro Leo Clo Lye Leo Oar Pro Ala Leo Oar Val Ilie Leo 465

1396 CAC TAT CAC ACC CAT CTC TCT CTA CMA AA ATC CMA CCT CTC ACA CAC ACT GGA CAC CAT TCC ACT TGAATATTGGCTCCTCATCTCTCACGCCACGAGTT
Asp Tyr Asp Tir Asp Val Ser Leo Clo Lye Ilie Cmn Pro Val Tir His Oar Cly Cin His Ser Tir: 487

1497 CCCTrTGCCCTTCCTGTTMCGMATTMACACGAGATCCCTCTCCTCCTTTGGCACMTTACGAAGClTTCTCAMACTCAI GATTCCAGTGTATTCTCTAGCTTCMAGGGAMATGACTTCGGCTC
1620 TCAAATCACTTTCGGCATATTATCTTAGGACATTATMMA~ JPICMAAACAAACAA AAMAGGCCAAGAGTCAACTGTAMACAGCTTCACTTAMMATCGAACTTTCCAGMA
1743 AGGAAGCGTAGGAGTTGACTrTTCTGTCCAAACAGGTGCTAAMACTGTC CGACAGTTTTCAGATTCCMAAGTAGGr CATGCCCTTTGTTMATTMACTTCTCCAATMTMATTGACCCTTAC
1866 ACCCAGGATCGCATTCCTTTTTCTCAGAATTGACAGATGCATTGTTGATGIACGGTTTTATTTATTTATTTATTGTACrATATGAATATITTMAATTTATCATACTCMATCTATATTTMACATA
1989 TTTAPACAGAGCCMACCMAATCTTTATCTGAGACTGACCTCTCCATTTGTA~CTAGCACTTTATGAGCCMATGAMACAACGCGTAGACTCTGACGATTCTGAATTGTGAGTTACTTCTCGGCMCA
2112 CAGCAAAGACTGATGTGGTGGCTCCTTMACTCGCACAGGACACAAAGAAACGCAAAGGCACAACTGACTMATCCACI ATGCTCCCCCTAAAMCGATTTTGAAAAGATTAGTTTOTTTTTOTT
2235 TTTTAAAGTCATTTCGAGTTATGCGGCTCCGGCATCGCTAGAGCCTGGTIGTTGGTTTCGGGG

2727 CCCMATT 2733

TM-I TM-II
B RAT DiR: MAFLSPDFNiRRHTCTNVDLFVWLSLVKNLRGKlPEVCSFWKMUNTSTMDEAGLPAEFtSFRILTAC LISKVI 0 LV 08

MAT 12114: MDPLNLSWYDDDLF:RQHWSRPFNGSEGKPL4PHYNYYAM l'G L REF LIT-1 LI S -LV I88
HUM PIAR: MGAGVLVLGASEPGNLSSAAPLPD)GMTAARLLVPAII1+SLLPPASESPEPLSQQWTAGMGL IV AKTP TLT 0 112
HIM P2AR: MGQPGNGSAFIL4PPRS4RHAPDHDVTQQIa-VWVVGMGIV 0V AKFEFLXT-8
HUM 03AR: MAPWPHE.NSILAPWPDhijTLAPNTANTSGLPGVPWEAALAGA L AWTP 91
HAM bOt1AR: MNPDLDTGHNTSAPAQWGELKDANF'TGPNQTSSNSITLPQIJTRAISVGL 0Al L L C TTL 1 9

HUM Ot2AR: MGSLQPDACNASWNGTEAPGG RATPYSLQVTLTLVCL L I PQ_8
TM-III TM-IV

RAT DiR: 4IJ L : AF TAll I l)RV iP R -ailiLI Qi S4I&PTWPLDGNFTSLEDTEDD%}TRLS; i 235
MAT D21,R: P161 M1(T All Lt.l 1)6 AMP 161TR K RvVI46 'T LL GLNNTDQN--- ----CI IA.-----NPAF 189
HUM PIAR: -flXRPI 7 1j J1 TAl LCVI 1RY YOP 1SLATA~ GLIC LM q*SD----EARRCYNDPK )FVTNR4Y 224
HUM 02AR: ;'H46HILM 'S L~,AlS DRY P YSILT4?A~VI 12444M q6JHQ.----KAINCYANET )Fl3 TNU Y199
RUM P3AR: r4A~7 G S I,I- fAl P DR T OC~4I64AVVLMS RVGADA.---EAQRCHSNP kF~ASN468Yt 204
HAM a IAR: 1(1 1 1W I A L 1)R VRYSL TLN IT -RRl4 IA! l F1LGWKEIRNDD.--------K EEPRYI 203
HUM a 2AR: L AlLF III 11) I~QAK4tJRR1I F ISIIFKKGGGCCP.-----QPAEP IDQKVWX 196

TM-V
HAT DIR: E~LIF )P IfIJIV {f}_ K IR A14AVh1iAKNC iAGNGNI)VFCAQSE-----------------------------298
RAT D2LR: WV I% IF \F 'I VTi1,1 Y 6 151 RKRVNITKRSSRAF'RANI4J LK(GNC'IIiPF:I)MKICTIVIMKSNGSF'PVNRRRMD)AARRAQELMEMISSTSPPERTRYSPIPPSHHQLTLPD) 308
HUM 1AR: [KAit V SF 1 RV6I KKI{Rltf}4RF1k;GPARI11PSPSPlVPA1AP.------------------------------285

HUM 02AR Ay~ 6
F' 1, v RVFQ RF11VQNI,SQ.-- 247

HUM 3AR: VL1
F

"

F 016 l 6I RFI7PFEI-PPAPSRSII APAIVG.------------------------------264HAM AR16R R7TIKNLLAGVMKEMSNSKEI5fRIHSKN.--------------------------------25911UM a 2AR: I I I~L RR411PSlRRGCPDAVAAPlG(GTER---- PINGIA:IPERSAGPGG'AFAFPLPTQINGAPGEPAPAGPRDTDALDLEESSSSDHAERPPGPR 309

HAT DiR:.--------------------------- SKMSF R KT IICIVF LPFFI MVPFCGSEETdPCIDSI¶I~ MS 367
HAT D12R: PSHHGLHSNPDSPAKPEKNGHAKIVNPRIAKFFFIQTMPNGKTRTSLKTMSRRKL~SQQ K, TQMLAIV GV --LPFFI 1IlLNIHCD-CN- 1PF---PVLYS S V421
HUM 0 IAR: --------------PPGPPRPAAATAPI.ANG;RAGKRRPSRLVA R KTET IMG FiWLPF' HAFHREL--l~Uj--- DRIOj/ 0 F 372
HUM 02AR:---------------------VEQDGRTGIIGLRRSSKF'Cl IKL: FlWPFF IVVIQDNL.----IRKEVYILb SFP321
HUM 03AR:.-------------------TCAPPEGVFACGRRPARI1LPl 06 L I r LPF LHALGGPSL- P --GP L S 345
HAM a IAR: --F-------------~HEDTI'ISTH'AKGHNPRSSIAVKIFKF RF KT I FI LPFF LPGSLFSTL- P -PDA\S 343
HUM Cc 2AR: RPERGPRGKGKARASQVKPGDSLRGAGRGRRGSGRRIQGRGRSASGLPRRHAGAGGQ R RFT W DV P YLTAVG--GI- P---RTI0 421

HAT DiR: Fi4PIIY FNA6FAD~I¶S[ 4 CPTTNNAIETVSINNI#VWFlS HHEPRGSIE1IDGIfYLI PHAVGSIIEDLKKEEAGGIAKPLEKLSPALSVILDYDTDVSLEKIQPVTHSGQH 485
HAT D2LR: 46PIlYTF IF FMKILX 443
HUM 0 1AR: qPIlIY$-RS QLL f RRRHiATHGDRPHA#LARPGPPPSPGAABJDDDDDVVGATPPARLLEPWAGCNGGAAADSDSSLDEPCRPGFASESKV: 477

HUM O2AR: lIfYIIRS L Il~SLHAYGNGY~SSGN'lbAQSGYHVEQEKENKLLCE f~TEDFVGHQGTVPSDNIDSQGRNCSTNDSLL: 413
HUM D 3AR: SYIRS A RLL CCGRRLPPEPCAAARPALFPSGVPAARSSPAQPR-.LCQIIV:402
HAM C(liAR: P~j~IIYC FMRILT RSGRRRRRRRRLGACAYT'YRPWTRGGISLERS i}K4AD SGSCMSGSQRTLPSASPSPGYLGRGAQPPLELCAYQEW4KSGALLSLPEPPGRRGR 462
HDM(O211AR: D Y IFNH DFRAFKWIL GrDDRKRIV 450

RAT DIR: ST: 487

HAM OtlAR: LDSGPLFTFKLLGEPESPGTEGDASNGGCDATTDLANGQPGFKSNMPLAPGHF: 515

FIG. 1. (Legend appears at the bottom of the opposite page.)
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sequence was analyzed by the Sanger dideoxynucleotide
chain-termination method with Sequenase (United States
Biochemical) on denatured doubled-stranded plasmid tem-
plates. Primers were synthetic oligonucleotides that were
either vector-specific or derived from prior sequence infor-
mation.
mRNA Analysis. Northern blot and in situ hybridization

histochemical analyses were performed exactly as described
(6), using oligonucleotide probes derived from nucleotides
489-537, 594-642, and 829-877 in pB73D1. These were
radiolabeled using terminal deoxynucleotidyltransferase with
either [a-32P]dATP (Northern blots) or [a-[35S]thio]dATP (in
situ hybridization).

Expression Studies. A full-length cDNA insert, including
the multiple cloning site of the A ZAP II vector, was amplified
from the purified A phage clone by using T3 and T7 promoter
primers and PCR as described above. The reaction product
was subcloned into the Not I/Kpn I restriction sites in a
modified expression vector, pCD-SRa (17). This construct
was used to transiently transfect COS-7 cells by the calcium
phosphate precipitation technique (18). After 72 hr, mem-
branes were prepared and assayed for D1 receptor binding
activity with [3H]SCH-23390 (DuPont/NEN) exactly as de-
scribed (16). Intact cells were used for cAMP assays (19).
Protein concentrations were determined using the bicincho-
ninic acid (BCA) reagent (Pierce) as described (20).

RESULTS AND DISCUSSION
To clone the D1 dopamine receptor linked to adenylyl cyclase
activation, we used the PCR method to selectively amplify
cDNA sequences from mRNA purified from mouse NS20Y
neuroblastoma cells, which express this receptor subtype
(16). Poly(A)+ RNA was used to synthesize cDNA by reverse
transcription and this cDNA was subjected to PCR amplifi-
cation with a pair of highly degenerate primers derived from
the third and sixth transmembrane regions of the previously
cloned adrenergic, D2 dopamine, and serotonin receptors.
This process resulted in the amplification of several cDNA
fragments, which were preliminarily characterized by DNA
sequence analysis (data not shown). One of these fragments
exhibited considerable sequence homology to previously
cloned G-protein-coupled receptors and was used to screen
a rat striatal cDNA library in order to isolate a full-length
clone. One clone (pB73D1) with an insert of -3.6 kilobases
(kb) was isolated and found to hybridize strongly with the
32P-labeled PCR probe on dot blot analysis (data not shown).
The nucleotide sequence of this cDNA exhibited >90%
homology in the region of the PCR fragment, the divergence
of which is probably attributable to species differences
(mouse vs. rat).
The complete nucleotide and deduced amino acid sequence

for clone pB73D1 is shown in Fig. 1A. The longest open
reading frame in this cDNA codes for a 487-residue protein
of 54,264 Da. Although the neighboring sequence of the first
ATG in this reading frame is similar to Kozak's consensus
initiation sequence (23), the third methionine codon, at
position 46, actually provides a better match (Fig. 1A).
Additional work will thus be necessary to definitively assign
the translational start site for this mRNA. The 292-nucleotide
sequence preceding the long open reading frame contains a
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FIG. 2. Northern blot analysis of D1 receptor transcripts in rat
brain and other tissues. Each lane contained 3 ,g of poly(A)+ RNA.
Hybridizations were performed using 32P-labeled oligonucleotides as
described (Methods and ref. 6). Locations of RNA size markers are
indicated. (Left) Ten-day autoradiographic exposure. Lanes: TB,
total brain; CB, cerebellum; CTX, cortex; HIP, hippocampus; OFB,
olfactory bulb; MES, mesencephalon; RET, retina; PIT, pituitary;
STR, striatum. (Right) Short (36-hr) exposure ofRNA from striatum.
This experiment was performed twice with similar results.

smaller open reading frame of unknown significance (nucle-
otides -259 to -154). Hydrophobicity analysis (data not
shown) ofthe translated protein reveals seven clusters of -24
hydrophobic residues, predicted to represent membrane-
spanning domains, connected by three extracellular and three
intracellular loops. This pattern is similar to that observed for
other cloned G-protein-coupled receptors where the NH2
terminus is proposed to be extracellular and the COOH
terminus projects into the cytoplasm (24). The NH2 terminus
contains one consensus site for N-linked glycosylation, while
the predicted third cytoplasmic loop exhibits one consensus
recognition site for phosphorylation by the cAMP-dependent
protein kinase (Fig. 1A). In addition, the long COOH termi-
nus contains several serine and threonine residues possibly
representing additional sites for regulatory phosphorylation
(25).
Comparison of the deduced amino acid sequence for the

pB73D1 cDNA clone with the sequences of various cate-
cholamine receptors (Fig. 1B) shows that the regions of
highest identity occur within the predicted transmembrane
domains. Within these regions, the pB73D1 protein exhibits
sequence homologies of 44% with the rat D2 dopamine
receptor; 44%, 43%, and 40% with the human f3-, 12-, and
/33-adrenergic receptors, respectively; and 43% and 42% with
the hamster alB- and human a2A-adrenergic receptors, re-
spectively. When compared with various serotonin recep-
tors, the transmembrane regions of the pB73D1 protein
exhibited homologies of 40% for 5HT1A and 37% for both
5HT1c and 5HT2 receptors (data not shown). The NH2 and
COOH termini and the extracellular and intracellular loops
are significantly more divergent among these receptors. It is
interesting that within the third putative transmembrane
domain of pB73D1, there is a conserved aspartic residue that
is common to all biogenic amine receptors that have been
sequenced thus far (26). Moreover, the fifth transmembrane
domain of pB73D1 also contains two serine residues that are
conserved among catecholamine receptors and are critical for
the recognition of agonist ligands possessing a catechol group

FIG. 1 (On opposite page). (A) Nucleotide sequence ofpB73D1 along with the deduced amino acid sequence ofthe longest open reading frame.
Nucleotide sequence is numbered from the putative initiator methionine and indicated at the left of each line; amino acid numbers are indicated
at right. The postulated N-linked glycosylation site is indicated by an asterisk. The potential site for phosphorylation by the cAMP-dependent
protein kinase is underlined. (B) Comparison of the rat D1 dopamine receptor amino acid sequence with that of various other catecholamine
receptors. Amino acid sequences of the human (HUM) Al-, P2-, ,3-, and a2A-adrenergic receptors (AR) (21), the hamster (HAM) alB-adrenergic
receptor (22), and the rat D2L dopaminergic receptor (6) were aligned to optimize the homology with the rat D1 dopamine receptor sequence.
Amino acid identities between the D1 receptor and at least two other catecholamine receptors are indicated by boxes. The putative
transmembrane (TM) regions are indicated by the heavy lines.
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FIG. 3. In situ hybridization histochemical localization of Di
receptor mRNA in a coronal section of rat brain that includes the
striatum. In situ hybridization was performed using 35S-labeled
oligonucleotides as described (Methods and ref. 6). (A) Low mag-
nification of autoradiographic film apposed to forebrain section,
showing dense labeling within the striatum, including the caudate-
putamen (CP) and nucleus accumbens (Acb). Labeling is also quite
strong in the olfactory tubercle (OT). ac, Anterior commissure.
(x6.5.) (B) High magnification darkfield photomicrograph showing
silver grains (white dots) overlying medium-size neurons in the
striatum generated by in situ hybridization labeling of D1 receptor
mRNA. About half of the medium-size neurons in this field of the
striatum are labeled (arrows), which is typical of the striatum as a
whole. (x150.)

(26). These observations suggest the pB73D1 clone encodes
a receptor for an endogenous catecholamine ligand.

In an initial attempt to establish the identity of pB73D1, we
analyzed the tissue distribution of its corresponding mRNA
by Northern blot and in situ hybridization analyses. Northern
blot analysis (Fig. 2) of various neural tissues reveals a
transcript of =4 kb that is predominantly located in the

striatum with lesser amounts in the cortex and retina. In
contrast, no mRNA is observed in the cerebellum, hippo-
campus, olfactory bulb, mesencephalon, or pituitary. In situ
hybridization also indicates a high abundance of mRNA in
the striatum as well as in the olfactory tubercle (Fig. 3A).
Approximately half of the medium-sized neurons in the
striatum are identified by this technique (Fig. 3B). The tissue
distribution of pB73D1 mRNA exhibited in Figs. 2 and 3 is
remarkably similar to that of the D1 dopamine receptor as
demonstrated by receptor binding and autoradiography stud-
ies (1).
To definitively establish the identity of the receptor en-

coded by the pB73D1 clone, the cDNA insert was subcloned
into the pCD-SRa vector (17) for expression in eukaryotic
cells. The resulting plasmid, pSRa-D1, was used to tran-
siently transfect COS-7 cells. Fig. 4A shows that [3H]SCH-
23390, a Dl-selective radiolabeled antagonist, binds to COS-7
membranes in a saturable fashion with high specific activity
(-400 fmol/mg of protein) and an affinity (0.3 ± 0.03 nM) in
good agreement with that found in the rat striatum (1). No
specific binding is detected in COS-7 cells that have not been
transfected with pSRa-D1 or that have been transfected with
the pCD-SRa vector alone (data not shown). Fig. 4B dem-
onstrates the ability of a variety of dopaminergic ligands to
compete for specific [3H]SCH-23390 binding to transfected
COS-7 cell membranes. (+)-SCH-23390 is the most potent
agent (0.2 ± 0.01 nM) and is -200-fold more potent than its
enantiomer, (-)-SCH-23388 (41 ± 1.2 nM). The nonselective
dopaminergic antagonist (+)-butaclamol also exhibits high
affinity (2.8 ± 0.2 nM) and is >4 orders of magnitude more
potent than its inactive isomer, (-)-butaclamol (31 ± 0.8
,uM). The D2-selective antagonist spiperone exhibits rela-
tively low affinity (290 ± 7 nM), as do the serotonin antag-
onists ketanserin (0.42 ± 0.031 ,uM) and mianserin (0.18 +
0.042 AM). The endogenous agonist, dopamine, is also able
to completely inhibit [3H]SCH-23390 binding (0.64 ± 0.092
MM). This rank order of potency and the absolute affinities
(K1) of these compounds agree well with those previously
demonstrated for striatal D1 receptors (1).
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FIG. 4. Expression of the D1 receptor cDNA in COS-7 cells assayed by [3H]SCH-23390 binding. (A) Saturation isotherms of the total (o),
nonspecific (A), and specific (o) binding of [3H]SCH-23390 to transfected COS-7 cell membranes. (Inset) Scatchard transformation of the specific
binding data; B, bound; F, free. In this experiment, which was representative of three, the calculated KD and Bmax values were 0.3 nM and 400
fmol/mg of protein, respectively. (B) Competition analysis ofvarious dopaminergic ligands for [3H]SCH-23390 binding in COS-7 cell membranes.
In this experiment, [3H]SCH-23390 (0.5 nM) was incubated with various concentrations of the following ligands: (+)-SCH-23390 (@),
(+)-butaclamol (A), (-)-SCH-23388 (o), spiperone (o), dopamine plus guanosine 5'-[/,y-imido]triphosphate (o), and (-)-butaclamol (A). Average
Ki and SEM values from three experiments are given in the text.
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pSRa-D1-transfected COS-7 cells also exhibit D1 receptor-
mediated stimulation of cAMP production. Dopamine stim-
ulates cAMP production -2-fold in these transfected cells
(Fig. 5). In contrast, no response to dopamine is observed in
nontransfected cells (data not shown). The D1-selective ag-
onists (+)-SKF-38393 and (+)-SKF-82958 stimulate cAMP
accumulation to a similar extent as dopamine. Although
SKF-38393 has been reported to be a partial agonist at D1
receptors, its fuller efficacy observed here is probably due to
the presence of spare receptors resulting from overexpres-
sion of receptor protein. In addition, the stimulation by
SKF-38393 exhibits appropriate stereoselectivity, with the
(-) isomer exhibiting a lower potency (Fig. 5). Finally, the
f3-adrenergic agonist epinephrine also exhibits a low potency
relative to dopamine, as expected for a D1 receptor. In these
experiments, the f3-adrenergic antagonist propranolol was
included in the assays to preclude stimulation of the endog-
enous COS-7 cell f-adrenergic receptor. These expression
data thus confirm that the cDNA which we have cloned
encodes a functional D1 dopamine receptor protein.

It is important to emphasize that the D1 receptor that we
have cloned is functionally coupled to the stimulation of
adenylyl cyclase. Recently, unique D1 receptors have been
described in kidney that stimulate phospholipase C activity
independently from the activation of adenylyl cyclase (12-
14). We previously showed, using Xenopus oocyte expres-
sion experiments, that rat striatum contains mRNA encoding
D1 receptors that can couple to phospholipase C, inositol
phosphate production, and Ca2+ mobilization in a cAMP-
independent fashion (15). It is interesting that the mRNA
encoding this D1 receptor-stimulated phospholipase C re-
sponse is -2.5 kb long (15), in comparison with the -4-kb D1
receptor mRNA observed here. Moreover, in preliminary
experiments, we have found that when mRNA is transcribed
from the pB73D1 D1 receptor cDNA clone and injected into

12 1

._e :

3CL_

a E
t. 0,

4

0

FIG. 5. D1 receptor stimulation of cAMP production in COS-7
cells transfected with pSRa-D1. Each agonist was tested at 1 ,uM in
the presence of 0.5 ,uM ,B-adrenergic antagonist (propranolol). Data
are presented as amount of cAMP produced over the basal level,
which corresponded to 17.7 pmol/min per mg of protein. The
experiment shown is representative of two different transfection
experiments.

Xenopus oocytes, dopamine will stimulate cAMP accumu-
lation =2-fold but is incapable of producing a Ca2+ mobili-
zation response (unpublished observations). These findings
suggest that the striatum contains two separate D1 receptor
proteins that are coupled to different signal-transduction
pathways. Consequently, we propose that the D1 receptor
subtypes linked to the activation of adenylyl cyclase and
phospholipase C be designated D1A and D1B, respectively.
Further experimentation involving the cloning and expres-
sion of the D1B receptor subtype will be required to confirm
this hypothesis.

We thank Dr. Ronald M. Burch for performing the preliminary
Xenopus oocyte experiments.
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